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ABSTRACT 


One hundred fifiy-five species of 41 families belonging to the proposed ordinal composition around and 
including the families Rhizophoraceae and Anisophylleaceae have been studied with respect to their sieve- 
element plastids. The great majority of taxa, including the Anisophylleaceae, contain S-type plastids. P-type 
sieve-element plastids were found in Humiriaceae, Rhizophoraceae, and Erythroxylaceae (all with specific 
subtype-P5) , and (with P-forms not readily assigned to a specific subtype) in Eucryphiaceae, Neuradaceae, 
Oxalidaceae (s.l.) , Rhabdodendraceae, and part of Zygophyllaceae. A critical evaluation of sizes and specific 
contents of their sieve-element plastids negates close relationships between Rhizophoraceae and Anisophylleaceae, 
integrates the Rhizophoraceae in the Geraniales, but is not able to suggest a position for the Anisophylleaceae. 
Within the Geraniales the family sequence Humiriaceae (form-P5cs plastids) -Erythroxylaceae (P5c) —Rhizopho- 
raceae (P5c) is proposed to be paralleled by another P-type containing sequence Lepidobotryaceae (S-type) — 
Hypseocharitaceae (S) —Oxalidaceae (S, Pc) -Averrhoaceae (Pefs), both being linked to the S-type Linaceae 
s.l. Sieve-element data do not support the inclusion of Rhizophoraceae in the Celastrales; however, such data 
corroborate the exclusion of the new celastralean family Elaeocarpaceae from the Malvales. Among the taxa 
proposed by Dahlgren, Anisophylleaceae would be best placed in vicinity to the S-type families of the Rosales, 
not in close association to P-type Neuradaceae. The presence of P-type sieve-element plastids in Zygophyllaceae, 
Neuradaceae, and Humiriaceae is reported here for the first time. 
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The family Rhizophoraceae is distinct from other 
dicotyledon taxa by the formation of rather ex- 
traordinary P-type sieve-element plastids (Behnke, 
1982a). Their specific form-P5c plastids contain 
some twenty more or less rectangular protein crys- 
tals—i.e., an accumulation of proteins to a degree 
found nowhere else in P-type plastids—and were 
originally reported for seven species of the family 
and an additional four species of the Erythroxy- 
laceae. A closely related form-P5cf (containing pro- 
tein filaments in addition to the crystals) was found 
in the family Cyrillaceae (Cliftonia and Cyrilla). 
These unique subtype-P5 plastids raised questions 
about the systematic position of the three families 
(Behnke, 1982a) and initiated further research on 
sieve-element plastids and other characters. 

A first study of the distribution of types of sieve- 
element plastids of Myrtales and allied groups (an 
association of taxa into which the family Rhizopho- 
raceae had been placed most commonly) revealed 
that (1) all core families of the Myrtales and all of 
those closely related contained S-type plastids, and 
(2) within the Rhizophoraceae (an additional seven 
species were investigated) the two genera Aniso- 
phyllea and Combretocarpus also contained S-type 
plastids (Behnke, 1984). This gave support to var- 
ious efforts to separate the tribe Anisophylleeae 
from the Rhizophoraceae and to erect the family 
Anisophylleaceae (Cronquist, 1981; Dahlgren, 
1983; Tobe & Raven, 1987). 

The present additional report on sieve-element 
plastids in Rhizophoraceae, Anisophylleaceae, and 
allies is an extension of the previous investigations 
taking also into account all the higher taxa, i.e., 
ordinal compositions and their associates, to which 
the two families have been affiliated (see Dahlgren, 
this volume). 


MATERIALS AND METHODS 


One hundred fifty-five species of 41 families, 
all proposd by Dahlgren (this volume) for placement 
around Rhizophoraceae and Anisophylleaceae were 
investigated (see Table 1). 

Living material recently removed from the plant 
or shipped within a few days under special care is 
a prerequisite for a fixation of sieve elements and 
the eventual investigation of their plastids with the 
transmission electron microscope. Thin hand sec- 
tions were made with a razor blade from preferably 
young herbaceous shoots or end parts of tree 
branches less than 1 cm in diameter. The sections 
were immersed into a fixing solution containing 
formaldehyde and glutaraldehyde and processed 
according to standard methods (see Behnke, 1 982b). 


Material made available by collections at original 


locations was sent to Heidelberg either fresh (caus- 
ing a delay of up to a week between sampling and 
start of fixation) or as formaldehyde/glutaralde- 
hyde prefixed hand sections (causing an equally 
long delay between primary and postfixation). 


RESULTS 


A SHORT OUTLINE OF CHARACTERS OF 
SIEVE-ELEMENT PLASTIDS USED TO 
CHARACTERIZE THE TAXA INVESTIGATED 


Sieve-element plastids are separated into two 
types by presence (P-type) or absence (S-type) of 
protein crystals and/or filaments, while starch grains 
may or may not be present. Subtypes of P-type 
sieve-element plastids are identified by any unmis- 
takable feature of their protein inclusions, e.g., the 
subtype-P5 by a high number of generally rect- 
angular protein crystals. Forms of sieve-element 
plastids are defined by any combination of the three 
inclusions: c = protein crystals, f = protein fila- 
ments, s = starch grains, e.g., P5cf. In addition, 
all sieve-element plastids within a family will be 
characterized by their average diameter and av- 
erage amount of protein vs. starch content (Table 
2), both calculated from the respective data of the 
different species listed in Table 1. 

Recent studies of the sieve-element plastids of 
the Acanthaceae (Behnke, 1986a) and within all 
families of the Magnoliidae (Behnke, 1988)—the 
latter for the first time taking into account diam- 
eters and quantitative data of the plastids—re- 
sulted in a general model for the interrelationships 
between the different forms of plastids. It was con- 
cluded that at least in these groups, P-type plastids 
may have derived from S-type plastids (for details 
see Behnke, 1988, but compare with Behnke, 
1981). 

In his summary statement of Rhizophoraceae 
and Anisophylleaceae and their systematic rela- 
tionships, Dahlgren (this volume) proposes a revised 
classification and lists the ordinal composition around 
each of the two families. The following description 
of the sieve-element plastids in these taxa follows 
his sequence of families. 


DISTRIBUTION OF THE DIFFERENT SIEVE-ELEMENT 
PLASTIDS AMONG THE FAMILIES 
GROUPED AROUND RHIZOPHORACEAE 


Zygophyllaceae (ZYG; Fig. 1: Guaiacum, Lar- 
rea). Five species in four genera investigated, 
one with P-type, the others with S-type plastids. 
Plastid diameter is 1.2 um. Larrea divaricata 
contains form-Pcs sieve-element plastids with two 
protein crystals of different diameters (0.4 and 0.3 
um) and different crystal spacing. There are about 
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five typically disc-shaped starch grains in addition. 
The S-type plastids of other species studied contain 
up to ten starch grains of different diameters and 
shapes, including typically disc-shaped ones. 

In this family the plastids of the mature sieve 
element are often disrupted, making it impossible 
to record some protein crystals. Therefore, after 
the detection of P-type plastids in both collections 
of Larrea (Table 1), all species have been studied 
once more. 


Nitrariaceae (NIT; Fig. 1: Nitraria). This 
monogeneric family, represented here by Nitraria 
retusa, contains S-type plastids with characteristics 
slightly different from those of ZYG, i.e., with a 
diameter of 1.0 um and about five more or less 
globular starch grains. 


Peganaceae (PEG; Fig. 1: Peganum). Pegan- 
um harmala likewise contains S-type plastids with 
a diameter of 1.2 um and about five starch grains. 


Balanitaceae (BLT; Fig. 1: Balanites). 
species investigated in the monogeneric family both 
contain S-type plastids with about ten globular starch 
grains. Plastid diameters are 1.7 um in one and 


1.1 um in the other (Table 1). 


Two 


Vivianiaceae (VIV; Fig. 1: Caesarea). Caesa- 
rea albiflora contains S-type plastids with up to 
five typically disc-shaped starch grains. Plastid di- 
ameter is 1.1 um. (See also Behnke & Mabry, 
1977.) 


Geraniaceae (GER; Fig. 1: Pelargonium). Five 
species in three genera investigated, all with S-type 
plastids. There are about five disc-shaped starch 
grains within a plastid, the average diameter of 
which is 1.2 um (range 1.0-1.6 um). (See also 
Behnke & Mabry, 1977.) 


Ledocarpaceae (LDC; Fig. 1: Wendtia). Wend- 
tia gracilis contains small S-type plastids (diameter 
0.9 um) with a few starch grains of variable sizes. 
The plastids appear distinctly different from those 
of the Geraniaceae. 


Ixonanthaceae (IXO; Fig. 2: lxonanthes). 
The two species of Ixonanthes investigated contain 
S-type plastids of an average diameter of 1.1 um 
and with an average of ten small and large, more 


or less globular starch grains. 


Humiriaceae (HOU; Fig. 2: Humiria, Endo- 
pleura, Sacoglottis). Four species in three gen- 
era investigated: all with P5cs sieve-element plas- 
tids. This form is characterized by numerous 
(average more than ten) irregular to rectangular 
protein crystals and about ten small starch grains. 
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The average measurements are: plastid diameter 
1.2 um and protein crystals 0.3 um. 


Hugoniaceae (HUG; Fig. 2: Indorou- 
chera). The two species investigated represent 
two genera, and both contain S-type plastids with 
about ten starch grains, among them one or two 
large ones. The average plastid diameter is 1.1 


um. 


Erythroxylaceae (ERX; Fig. 2: Erythroxy- 
lum). “The four species of Erythroxylum inves- 
tigated are characterized by P5c sieve-element 
plastids. This highly specific form contains about 
ten up to 0.7 um large rectangular protein crystals 
(and no starch), which are densely packed within 
the comparatively small plastids (diameter 1.1 um). 


(See also Behnke, 1982a.) 


Linaceae (LIN; Fig. 2: Linum). Three species 
in two genera investigated, all containing S-type 
plastids with an average of about five starch grains 
(often including a large globular one), which may 
disintegrate into small particles. The average plas- 


tid diameter is 1.2 um (range 1.0-1.5 um). 


Lepidobotryaceae (LPB; Fig. 2: Lepidobot- 
rys). The monotypic Lepidobotrys staudtii con- 
tains S-type plastids with up to ten starch grains 
disintegrated into small particles. The plastid di- 
ameter is 1.2 um. 


Oxalidaceae (OXL; Fig. 3: Averrhoa, Oxalis, 
Sarcotheca). Twelve species in five genera in- 
vestigated. Sieve-element plastids not uniform: two 
types including three different forms occur in the 
family. 

Averrhoa and Sarcotheca contain form-Pcfs 
plastids with an average diameter of 1.1 um. This 
P-form, not specified to belong to a distinct P-sub- 
type, contains protein filaments (f), two rectangular 
or cubic protein crystals (c) up to 0.4 um in di- 
ameter, and about five globular starch grains (s), 
of which one may be very large. 

Oxalis (8 species tested) is characterized by very 
small (average diameter 0.8 um) form-Pc sieve- 
element plastids with two protein crystals, a very 
prominent (diameter about 0.5 um) cubical one 
and a second, smaller one. 

Biophytum and Hypseocharis contain S-type 
plastids of different sizes and different starch con- 
tents (see Table 1 and Behnke, 1982c). 

Form-Pcfs and -Pc sieve-element plastids (and/ 
or -Pcs not found in the Oxalidaceae) are reported 
in other dicots, e.g., in Vitaceae, Rhabdodendra- 
ceae, Connaraceae, Eucryphiaceae, Acanthaceae, 
Gunneraceae (Behnke 1974, 1976a, 1982c, 1985, 
1986a, b), and Neuradaceae (see below). 


Annals of the 


1390 


Botanical Garden 


issouri 


M 


—————————————————————————— MÀ. 


(F86D 0 LO OI TT 26d 1429n ‘AYO TH VSV wnsyojnd unj&xoayi&a3 6 XW 
UOI9IH (su10]q) 
(F86D 0 so Ot £3 Icd GariH ariH-og asuappunad-oaou um]Axodu 147] 6 XW 
(F861) 0 S0 Of I Icd GIH ariH-98 "ure 202 um]Axo41443 6 — XM 
OI cm CT S GIH OHq-98 PH `H pupn/nhu2 viayonoiopu]  N[ICtZ — 90H 
OI 0 0 OT S GariH 232]]ipun») *exueT us "pxerku suod8dng  N[IIStc SNH 
Z992 
8 €O 0I £i s ariH ‘OW unas) “FY [y *eory viso) jen?) nuA801211] 5110]8020$ 9t; NOH 
8 c0 9 60 scd GIH ‘OW GOST uos]əN) `g ‘zeig "ds sn0]doopg 9tc NOH 
G £0 02 CE Sq GIH uos]aw ^g ‘zeig 4afnupspoq viuung 9 NOH 
s có OL ZT 9 ON 996] uos]aN `g ‘Teig ‘ds punə]dopu;] 9f; NOH 
OI ao 0. di S AIAH  /220£8 ??] X `g'q'H ‘PS "of n70]n2124 sayjuDUOx] 8*2 OXI 
OI a D SI S (IHH og-og "20H D4ojfipup42 saujupuox] 8tc OXI 
z 0 ©. Yi S ariH uD1]211002) YSSN *erueurry ‘Od »pyijmu viu121512021g ctc sgg 
Þ9IZ np) 
£ 6 d ë S ONOO T X zenBupow ^W ‘ayy usta xi]2042 pupuog lZ Odi 
"My xə ju9H.T 
LL61) 8 0 Ó 94 S GIHH GIHH-358 CFT) umnuogvaj21 umuos1»]aq 66 Yad 
S £ gi S GIH ariH-98 "I "nouinzups umunaa) 6£c Yad 
G O. d EI S GariH ariH-98 “AR WUNILIUII uimtup4o*) 6£c Yad 
[° ó d ri S qH GariH-98 'S807) NADIsauDW umipo47 6£c Wad 
G ü o0 ui S GIH 20}0£8 “HTH ‘AW "PIM $2p10120]pur umipoa3 66s Yad 
(2261) S 0 Ó fi S GIH z1]nuəç `F ‘zeig `ssəqureO nJo]/iq]p DaIDSaD:) OF AIA 
OI O'R JT S dod sisuajosun sənuvpg tbc — LIH 
OI Q. M- IT S arniH T8 aeq n2nud4zop sopupjvg trc Lig 
G © 0 I S 3-98 "] »jpuramy unupa] Leo —— ld 
9 0 0 Ol S uosuo4p T ‘pesg `siəu35s v Dsnia4 DUDIN ge LIN 
G Qo ST S GariH ariH-og ‘ds umnjuydoz47 97 DAZ 
8 iow xt S d2-98 "Aeg WD zy nj2u04241 011211404] 9z DAZ 
S eh x Ei səd GrH GI3H-98 ‘PHN ‘oorxayy "ABD DIDIUDUP DILIDT 98% DAZ 
8 0 D 1 S anH 'g-H5 anH- 'g-58 "T pufo umnopin:) ote — 5AZ 
8 0 0 Zi S GIH arH-og APIQ ^V magnos umopipne) 9Z DAZ 


— sÑ — r ———  —Ó—P IAÁss=—  a<SHÑa — —lə—— —— ə —— oəəƏo-—Šàsxa as -x-+ à-1⁄X⁄+“+51ëÚn 'OLBÑ>as+sə+— — ———  . . . 


6861.d 


uon NS Vd 
“earn 


N VIG 


adÁ] 


uintieqgjiapyy 


PHa jo utu) 


sar adc 


Ayre 4 


— — OO r — R Y — nn4 
oyin ay} fo s340m snoia24d 0j ssafas | uoiorqnq,, ‘Suwi? yosmis fo 4aquinu agp12àD = NÇ “url ui s]D1s/15 
uiajoid fo 12)12umip umunxpu = PY 's191sX42 u13104d fo saquinu = y turi ui pump = y[(q : (uurof pup) ədX] :sprsvjd ju2ui2]a-2a2is ay) 22112120102 vIDp 
Suinojjof ayy 's1242noa fo nsodəp = wmvq1ag 1 Apuf,, wosf quasaffip fi uKuoí20 quf puv (ssaid un) uaigpyv(q ui Apwof fo szaqunu = 69g6[.( * (Z861) 
4aqayy sayfo swuKuo120 (quo * (aurnjoa styi) uaigpyoqq Aq paziuS0221 sauf = Apuvy 's2122ds. paywFnsaau ay) fo vop puspjd yuawaja-aaaig — ^| 318v] 


1391 


Behnke 


Volume 75, Number 4 


1988 


Sieve-Element Plastids 





(07861) 
(07861) 
(07861) 
(07861) 
(7861) 
(92861) 
(27861) 
(07861) 
(92861) 
(27861) 


(7861) 


ee eS 00606565606 (00 e — 


uou 


“eon 


———— ——  — ii: 


— 


€) OO oco oc oO O oO Ow uw ou» 
y» 


oo 


se he OG 


oo 


° 


VI 
O'I 


© 


V 
o'I 
8'I 
9'I 


oooo 


oo 
= `O 
a4 


VI 
€I 
€'I 
UI 
Gl 
60 
8'0 
8'0 
O'I 
8'0 
8'0 
8'0 
8'0 
£I 
8'0 
o'I 


NANDOON N NN N N N N NO O O O 


© 


ol 
0 S'I 
0 cl 
0 O'I 
OI TI 


N viad 


uu 


uuu 


NN 


spd 


uuu 


26d 
adÁL 


OriH 


gn 'acog 
GrH 


GrH 


(IHH 


qHH 


GrH 
(IHH 


IHH 
(IHH 
(IHH 
Gr4H 


GariH 
Gr4H 


GIH ‘OW 


(HH 
(IHH 


gn ‘ALOA 


uinrreqoH 


2üg8$0Dd 
x58 


43912Q8s110*) "S `] '[izeg 
dod 

IHH: 

uos]əN) `g ‘zeg 


GriH^5d 
19d 


ariH-og 
ariH-98 
ariH-9g 
sqq: og 
ZZ¿089 27 X "H'G'H “WARS 
ariH-og 
ariH-og 
2[W-og 
20g8s-28 
anH-og 
ariH-o8 
arnH- og 
€16062 H'd'H '3íiəqləptəH 
do-98 
NNO: 'II3H-28 
ariH-28 
82b unm 
H > SDUOY J `d *tuooIəure9 


Xd 

GriH-5d 

GriH-08 

4298412981102) 'g `| ‘Tg 


Pury Jo utu) 


‘pug nyjunoniAd miyonanmnd 

"de A. sn2ppidsmno141 snu1sp]ə204ə1 
mmg ID 

"V (`ssəqure9) si4;sadiumo nsspa] 

Xezo[AA ^M npapy2ra jja112u2s207] 

"MG nsouio2 n3jD120ddig] 

-ds midnoy 
"z2€jN 

-pueH (zomg) 12unj40f smuXuong 

‘|soig wnpypAydosanys uo1puapoav]3 
snjpnjound 

“IVA "qunq] snjnjno1Qq40 sn4jsu]a:) 

"q snyofixng snai80]27) 

"Xs104 s]npo pu1v7) 

`11o DYJUDIDIOY DOUD) 

ieqpeH ^H 15ofis22a1p 0221702408 

phoaqieg sjsua1a1p]paà si]DX() 

U] 2221418. si]DX() 

-boef pyofiquoys six) 

'uneg D297uD212 s1]DxO 

j9aMg xe 'ppoT 1əddəp si]px() 

"boef pypuas9 sijnx() 

"JON »sou2n2 si]nx() 

"] »jj2s01220 sippx() 

&uray niofigjauidund. sivi202sdA]] 

90 CT) uunaansuəs unicmdoig 

"] Djoquipsps 7014120 


[Bu mpn»is sKajoqopido] 
eieH (uoq ‘gq xe 
"wep yong) nq0un212 vupiomu y 
Uu] wnapy unur] 
'qiog 2n213u(0]op unu] 
("tH QS ^y wnsosaqns un]A&xoay1ka] 


sərpədç 


9S6 
966 


966 
966 
9S6 
966 


9S6 
9S6 


9S6 
9S6 
966 
966 
ISZ 
ISZ 
ISc 
ISG 
ISG 
ISG 
ISZ 
ISZ 
ISZ 
ISG 
ISG 
ISG 


OSG 


CVG 
SVG 
SVG 
606 


6861.0 


‘panuljuo’) 


TH) 
THO 


TAO 
TaD 
T43 
Ta 


THO 
TAO 


THO 
THO 
TAO 
TH) 
TXO 
TXO 
TXO 
TXO 
TXO 
TXO 
TXO 
TXO 
TXO 
TXO 
TXO 
TXO 


ddI 


NTI 
NIT 
NTI 
xu 


Krure J 


'I AAV; 


Annals of the 


1392 


Missouri Botanical Garden 


(S861) 


(7861) 
(87861) 
(87861) 


(87861) 


(F861) 
(87861) 
(F861) 


(7861) 
(F861) 


(87861) 
(87861) 
(87861) 


OI 0 
OI 0 
OI 0 
S 0 
S 0 
0 0 
OI 0 
8 0 
9 0 
0 £'0 
0 €°0 
0 £'0 
0 £'0 
0 €O 
0 € 0 
0 9'0 
0 v0 
0 S'O 
0 v0 
0 ro 
0 vo 
0 S'0 
OI 0 
OI 0 
S 0 
S 0 
S 0 
OI 0 
S 0 


0 cl 
0 2] 
0 £ I 
0 8'0 
0 FI 
0 CI 
0 Sl 
0 Ol 
0 ol 
Oc VI 
Oc VI 
OG. SI 
Oc TI 
Oc el 
Oc “€I 
Oc “€I 
Oc cI 
Oc ST 
0c SI 
Oc €I 
0c — 
Oc GI 
0 9'I 
0 ZI 
0 Et 
0 VI 
0 Gl 
0 UI 
0 OT 


NNNNNNNNN 


Sd 
»6d 
Sd 


»Gd 


Sd 
26d 
Sd 


Gd 
Sd 


Sd 
38d 
Sd 
26d 


NNNNnNNnNNnNmN 


u9 


dIqJH 
GI3H 


GrH 
(IHH 


GriH ‘JNNA 


IHH 
GIH ‘OW 
‘109 ‘Whvf 
GriH ‘ANNA 


GriH 


VH 


(HHH 
GrH 
GrH 
GrH 


DC [££ Dpaaog ‘Lary viso?) 
60Sc9 aə]s]pg '1openog 
TE6Z 422u10g *'eory viso?) 
X98 718018 'H'G'H ‘MSN 
SS(q-9g 
618018 H'GH ‘MSN 
uq-58 
SSq?g 
x 9d 

POER 
pjuZuig 3» 4uəg *e[anzaua A 
(HH: 
NNOd-94d 


ZZIQZ 42904. `À ‘GTO 
F 186002 

nsoounf *eruopo[e") MON 

3-98 

12m f 7 ‘ATO 


OrSgc vsoounf ‘erquinjo) 
628096 vsoounf 'eoty viso?) 


ug-og 

8ZZI8Z 42201. ^w ‘ATÒ 
d2:98 

g-58 

umjaloqiy-eaune AA *"eMeH 
08-98 

NNO8-98 

NNO8-98 

og-58 

ANSN:98 

NN08-358 


"en? nunAa]puvis n1]]əunig 

‘ds nigjounig 

Aapurig s15u321401s02 Dijjounig 

`1puy sapioiqni nianpg 

"ABD Dui42ds012141] DiuuDuio y 

uo(] ‘q 270a0 DIWO IÇ 

"1 s1isuədo5 pmuoun) 

`uo(] `Q p129]nə22uod pianjoppv:) 

"pug wnsoursas umqpjadoupydp 
1əusər] x `urrə 

-KƏS wnxoposajay umpjodpuidia1g 

"] 218u»u vioydoz1yy 

“J vivenluos *yo vioydoziy y 
(vsojAjs ^M =) 

"ury Ó iuStA, npaya DYapudy 
'sue) 

m “us01g pjojyipup42 siK150$s047) 

"js104 D40jq sijA1s0ss01^) 

uosuiqoy ^q 77) 72»? sdoi127) 


sese2a1jen,) ndijny pa4nodissv?) 
"Itod (MS) n21;d1]]2 n24nodissv") 

ag 
"EON CJ 99H) 1222424. 024nodissv?) 
[HW 0701/2049 D1010) 
"unoT p]nBupxəs DsaInsnig 
"ureT pznjij0uuX8 12g nig 
"qxoy sn4guna snda02027]3 
eum[g n1:pouo42n sndaD2027]3 
Jew ?n2»;»d uospuapouns) 
zlun1ç (JOW) s15u271/2 1721701514 
quiuis 7 `V tun] Gu dXsop umgpaa2p 
‘yluag syDpijsnbd uopouoydig 


JOZIJA `M sisuən8əin pi2v]ng 


col 
Sol 
Sol 
T9I 
£9I 
£9I 
€91 
€91 
€91 


LSZ 
LSZ 
LSG 


LSZ 
LSZ 


ING 
ING 
ING 
nvg 
NNO 
NNO 
NND 
NND 
NND 


ZHM 
ZHU 
ZHU 


ZHU 


ZHU 
ZHM 
ZH 


ZHU 
ZHU 


ZHY 
ZHY 
ZHU 
ZHM 
JTA 
J'I4 
ƏTA 
J'TÀ 
J T3 
T9 
TaD 


eee EEE 


uon 


-qnd 


NS VNId 


N viad 


addy 


umueqiaH 


PHA jo uisu) 


sei adc 


6861.0 


Ayre J 


—" o—o————E =O—:— — [R ——[—ÜDo . Iò 


‘penuljuo’) 


‘I 318v] 


1393 


Behnke 


Volume 75, Number 4 


1988 


Sieve-Element Plastids 











Ol 0 up rI S ON u0s]əN) “gq zeig JMG smomuozpum smjjupuoS4jod #81 SNV 

OI 0 0 CT S ON 6119 svuo«[ ‘q 'uoo1eure?) Wouog ns03j0 DIOJ velt SNV 

(f86D OT ó » Ti S upuy 1g ‘Jemes — 7j "xoog Mapou “yo snd.rm20121Qui07) #81 SNV 

(F861) OI Ü o Zi S dIdH IZ20£8 TAH 'qeqeç [keg $27»p10zad»41 vojAydosiup #81 SNV 
"eq 9 suomy 

OI 0 0 & I S ON 0cI19 spnuowyr aq *uooiəureo suaospindind Jo payjAydosiup PSI SNV 

01 o I tI sod CIH sojnog ^T ‘Wweany "] suəquunooid vponəy 181 (UN 

G ü dk wi S CIH anH-28 anpnq muosjim vəvndg 081 SOY 

0 o> Q0 60 oS ariH ariH-98 'doog sour vqsosinzung 081 X SOM 

0 o. Ó IT oS GIH NNO08:-58 "uixejy snisnjoorua2otqd sngny 0801 SOY 

0 o 0 o Wi oS GIH anH-»ag ‘ds psoy 0981 . SOM 

OI © 4k 23 S ariH GISH-9G ‘IEW Cqunq) suapupos sndAjopouy 081 SOM 

0 OQ wm Ti oS arH-og "uq sisuayisvsg vlon Ost . SOM 

0 0 0 80 oS GIH anHog 7] s141sədnu vjnuojod Ost SOY 

S 0 0 £i S GIH NNO8:-58 keson `V sisuaumqn]o Dis maay 081 SOY 

OI 0 O0 91 S 2)ggüs98 —*19'y snpunquoy snuumi10uoX7] 081 SOM 

G D - G WI S GIH 128082 'q'Q'H '31əq|əptəH `9q CT) pə2uodpof way 081 SOY 

0 0 0 90 oS dIadH ariH-98 "1 210214 uma?) ost SOY 

I 0 0 60 S CIH ariH-9g y] pəsəa pupa] 081 sou 

0 0 0 86 oS d0-98 "unxepy (71) 0140un. njnpuadiy4 ost . SOM 

0 0 0 60 oS GIH ariH-98 aoo (puy) vapur vousayon(q 081 sow 

0 0 0 890 oç dIdH dIadH-94 "urapng muupuiapans SVÁ 081 . SOM 

G 0 0 60 S ariH-98 "ungoy 240]201]u0X v]puau2]p 0801 . SOM 
3uə3315) 

0 0 0 OI S uosqie) 7) `F *euozuy (e19) sisuappaau v1$2]]2840 J S91 OD 

01 0 0 BT S VSU 2ggs- 'vSu-98 “HNN wmnomi4ofi]po. DUOSOSSOL) S8I OUD 

OI Ce EE S vSu VSW-298 “uosq19 7) `F ‘SIR `S naojadiq puiososso4") S81 OND 

0 £€0 Z 90 9d GIH y- ‘yosneg sisuasupwdu x on d/Xaən;] L91 od 

(S861) 0 — Z 90 od x28 eona(q vpn onjd&aon L91 u4 
"meg CIpu3 

(s861) O SO Z — 900 od GIH ssnqa-58 ya *ddoogq) nsouim]2 pnjd&aon7] 190 Yoda 

(S861) O so = 90 9d ariH Sssnqd:»8 ‘aeg nijofipioo onjd&a4on] 191 Y4 

(s861) O ro. = i 9d yg `uoedç 121p4n]iq onjd&aon7] 191 wou 

OI 6 D £i S ASN'98 ‘PEN ^4 suatunid viuospiavg 91  SAd 

un NS VW N via d umieqiəH PHa Jo uiu) saved 6861.0 Apurey 

-Boyqngd 
penunguo) `I HHV 


Annals of the 


1394 


Missouri Botanical Garden 














ç 6 & Tl S GI3H GI3H- 'NNOS-98 `AH 19 `3ooH 1pupj42yms 14212) OLI A9 
£ O dU. PUL S ariH X- 'NNOS-28 "ART Dij0f1j2uos DOIUDLY 691 024 
OI o m Xi S ariH qud-58 `qunu [, szsuadpo vyYyD{ XVS 891 THA 
WVH-O8 pue 
8 og Zi S NON psofpoy `q p 'eutjoreO ‘N "T Saplopas wnioyiuad XYS 891 Hid 
Ari "V 
OI & X Et S ariH QI3H-98 1e uo] (osang) nsorzuaur pənu]o | 89I XVS 
8 Ü. d. OF S GIH ariH-og (IA 27»7n21u0d »Z»4fixvg 891 XVS 
8 © d #F1 S ariH NNOS-28 peg vyofynosən vis128poy 891 XVS 
OI 0 w oT S dO-98 Bug (i10) wnyoyad wnyAydinag 89I XVS 
‘Bug ('surou g 
ç rm d 2 S arniH QI3H-O8 X J 3ooH) sua»spandand viuasiag 891 XVS 
8 e d £1 S GIH ariH-58 "xe vyofionduns 2qpisp 891 XVS 
O6cl uos]aA; ‘d pue `qnH ('uruəg xo əəonidç) 
(e9161) S eau 2 XI soq GIH ‘OW 29108 22upidg `] “9 ‘Teg unjjAydo420u uospuapopqny M L8I qHwu 
`qnH (`u1uəg xo əonidç) 
(89/61) S €`0 I 01 Sod AN ‘u's 2329UuD4d E 1) ‘zeig WUNNDNUOZ DUD uoipuəpopqoy y L8I gIHMH 
OI 0 0 60 S ariH-98 iepreugogs smipdoos snunid £81 AWV 
[° i 0 di S GariH arH-98 “J snpod snunig £8I AWV 
0 0. ‘SI S GIH anH-g "yyy n43/190422 snunad £81 AWV 
£ 0 0 60 S GrH arH-5g assay 1p]D412 npaou2ox] £8I AWV 
OI oo Zz S S58gs-58 "dies voiusofyvs viui]onbnp 4 c8l VW 
OI 0 0 at S dIdH ariH-98 "1 ?14ndnonp snqioç rasa TVW 
Ol 0 © ud S GI3H:98 pur] vapur sidajorydoy c8l 1VIN 
Ol Ü w: UI S [28082 `g`q`H '31əqləptəH U] $runumuo2 sni&q c8l VW 
OI 0 O0 eT S dIdH [28082 `g'`qd`H '31əq[əptəH "WOY `[ "JA 72u12202 DYJUDIDIA c8I TYW 
G 0 O0 OF S VNdIS-58 y] Punua? snpdsopy c8I TVW 
OI it d ST S anH-og TEW $24252a]4s snpopy c8I TVW 
OI 0 Q Ft S GIJH-98 Ipur (qunu) pəruodoí »411090143 c8l VW 
S ü id £1 S GI3H arniH-98 ‘TW p2#uo]qo »1uop«?) c8l 1VIN 
S Ü $ Yi S dIdH dIaH-9d edueT vupyaddip x snzapyos7) c8I TVW 
S & & 21 S GI3H-98 Pur xe MEM snpigijf 221$02u0107) 281 VW 
ç 6 2. ST S dIdH anH-og Japyeay ('us:e]N) vyofiunsd viuosp ZBI TVW 
ç 0 0 OI S dIAH-54 “APIAN CT sssuəppupə sarysunjawp c8l TVW 
uon NS VWd N Vid edíL unueq.1or [£918]A jo utdu() sətoədç 6861.0 Á[rure J 
-e3nqnd 
‘panuijuoy) | 318v] 


Volume 75, Number 4 


1988 


Behnke 1395 


Sieve-Element Plastids 





Continued. 


TABLE 1. 


Publica- 


tion 


SN 


DIA N PMA 


Type 


Herbarium 


Origin of Material 


Species 


D'1989 


Family 


1.1 


BG-K, -BERN 


Brexia madagascariensis (Lam.) 


171 


BRX 


Nor. ex Thou. 
Ribes bracteosum Dougl. ex Hook. 


Choristylis rhamnoides Harv. 


Itea ilicifolia Oliv. 


10 


1.2 
1.3 
1.6 


L.l 


BG-HEID 
BG-K 


172 
173 
173 


GRS 
ITE 


™ 


HEID 


BG-K 


ITE 


un 


BG-M 


Cephalotus follicularis Labill. 


174 
175 
175 


CPH 
CRS 
CRS 
CRS 


1.0 
0.9 
0.8 


d 


HEID 


BG-HEID 


Cotyledon orbiculatum L. 


So 


HEID 


BG-HEID 


Kalanchoe laciniata (L.) DC. 


HEID 


BG-HEID 


Kalanchoe uniflora (Stapf) R. Ha- 


175 


met. 
Podostemum ceratophyllum Michx. 


2.3 


CM 


Georgia, S. B. Jones; and D. 


76 


l 


PDS 


E. Boufford 22047 


' Erroneously listed in Table 1 of Behnke (1984) as PVc. 


Celastraceae (CEL; Fig. 4: Catha, Pterocelas- 
trus). Fourteen species in 13 genera investigat- 
ed, all with S-type plastids. There are 5-10 mostly 
globular starch grains recorded within these plas- 
tids, but their diameter is not uniform (average: 
1.3 um; range 1.0-1.8 um). The sieve elements 
of Goupia contain crystalline, persistent p-protein 
bodies, a feature that characterizes a number of 
different dicotyledonous taxa (see Behnke, 1981) 
but is not found elsewhere in Celastraceae. Hip- 
pocratea and Salacia, as well as Siphonodon, 
sometimes separated as Hippocrateaceae and Si- 
phonodontaceae, respectively, do not differ signif- 
icantly in sieve-element characters. 


Elaeocarpaceae (ELC; Fig. 4: Aristotelia, 
Elaeocarpus). The five species in four genera 
investigated contain S-type plastids. Their sizes 
(1.1-1.7 um; average 1.4 um) and number of 
globular starch grains (5-10) resemble those in 


CEL. 


Rhizophoraceae (RHZ; Fig. 5: Cassipourea, 
Ceriops, Crossostylis, Rhizophora, Sterigmape- 
talum). Thirteen species of eight genera inves- 
tigated, all with the specific form-P5c sieve-element 
plastids. Twenty or more rectangular to irregular 
protein crystals (0.2-0.5 um) fill the plastid inte- 
rior. The average plastid diameter is 1.4 um. In 
Rhizophora the protein crystals are irregular, only 
rarely showing exact rectangular outlines. It is 
demonstrated, at least for R. mangle, that during 
the development of a sieve-element plastid, protein 
accumulates first as a large granular body (see Fig. 
5, lower left micrograph) and only thereafter *crys- 
tallizes’ into several distinct parts. 

In this study of their sieve-element plastids, all 
of the tribes recognized within the family were 
covered. Except for the crystal outlines mentioned 
for Rhizophora, there is almost no distinction pos- 
sible between the plastids of the different species. 
The comparatively large protein crystals depicted 
in Ceriops (Fig. 5), which come very close in size 
to those shown in Erythroxylum (Fig. 2), are not 
restricted to this species. Similar views could have 
been chosen from other Rhizophoraceae. (See also 
Behnke, 1982a, 1984.) 


DISTRIBUTION OF THE DIFFERENT SIEVE-ELEMENT 
PLASTIDS AMONG THE FAMILIES 
GROUPED AROUND ANISOPHYLLEACEAE 


Cunoniaceae (CUN; Fig. 6: Cunonia, Wein- 
mannia). Five species of five genera investigat- 
ed, all with S-type plastids. The diameter of the 
plastids is about 1.2 um; their contents are up to 
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TABLE 2. 


PDIA N PMA PS SSP SDIA SN SO SODI Dahlgren 


PSP! 


Types 


Family 


LPB 250 


10 
15 


12 
1.3 
0.8 


Lepidobotryaceae 


OXL 251 


Hypseocharitaceae 


Oxalidaceae 


OXL 251 


0.5 


0.8 


S, Pc 
Pcfs 


OXL 251 


0.4 


N 


1.1 


Averrhoaceae 
Humiriaceae 


HOU 246 


0.3 


12 
10 
20 


N 


P5cs 
P5c 
P5c 


ERX 249 


0.6 
0.4 


1.2 
1.4 


Erythroxylaceae 


RHZ 257 


13 


Rhizophoraceae 
Celastraceae 


CEL 256 


1.3 
1.4 


14 


Un ( 


ELC 258 


° 


Elaeocarpaceae 


Cyrillaceae 


CYR 297 


average number of starch grains 


average number of starch grains in S-type plastids; SO 


family acronym and position of family in Dahlgren (in press). 


0.8 


1.6 


N 


P5cf 


' PSP = number of P-type species; PDIA 


average number of protein crystals; PS 


average diameter of S-type plastids; SN 


average diameter of P-type plastids; N 


number of S-type species; SDIA 
number of form-So plastids; SODI = average diameter of form-So plastids; Dahlgren 


in P-type plastids; SSP 


Behnke 1397 
Sieve-Element Plastids 


10 globular starch grains, often surrounded by 
additional tiny granules. (See also Behnke, 1985.) 


Baueraceae (BAU; Fig. 6: Bauera). 
rubioides as representative of the monogeneric 
family contains very small (diameter 0.8 um) S-type 
plastids with up to five small irregular starch grains. 


Brunelliaceae (BNL; Fig. 6: Brunellia). The 
three species of Brunellia investigated contain 
S-type plastids. Their globular starch grains (about 
10 in the average) often seem to disintegrate into 
tiny pieces. The plastid diameter is 1.4 um. 


Davidsoniaceae (DVS; Fig. 6: David- 
sonia). The monotypic Davidsonia pruriens 
contains S-type plastids with about 10 strictly glob- 
ular starch grains. The plastid diameter is 1.4 um. 


Bauera 


Eucryphiaceae (ECR; Fig. 6: Eucryph- 
ia). Four of the five species of this monogeneric 
family and one hybrid were found to contain form- 
Pc sieve-element plastids with two protein crystals, 
one with a diameter of about 0.3 um. The sieve- 
element plastids of Eucryphia are among the tiniest 
recorded within the dicotyledons (average diameter 


of 0.6 um). (See also Behnke, 1985.) 


Crossosomataceae (CRO; Fig. 8: Crossoso- 
ma). Three species in two genera investigated, 
all with S-type plastids. The two Crossosoma species 
are identical, both in respect to their plastid di- 
ameter (1.8 um) and the starch content (about 10 
globular grains). Forsellesia has smaller plastids 
(diameter 1.0 um) and fewer starch grains. 


Rosaceae (ROS; Fig. 7: Duchesnea). 
species in 16 genera investigated; all species with 
S-type plastids, but nine of them without starch 
(with form-So plastids). The average diameter of 
the plastids is 1.0 um, with an average of 0.9 um 
for the So form and of 1.2 um for those with starch 
grains. The average number of grains in the starch- 
containing species is six. 


Neuradaceae (NRD; Fig. 8: Neurada). 
Neurada procumbens contains form-Pcs sieve-ele- 
ment plastids with one rectangular protein crystal 
(diameter 0.4 um) and up to five large starch 
grains. The diameter of the plastids is 1.5 um. 
With these characteristics, there is resemblance to 
the sieve-element plastids of Gunnera. (See Behnke, 


1986b.) 


Sixteen 


Anisophylleaceae (ANS; Fig. 8: Anisophyllea, 
Combretocarpus, Poga, Polygonanthus). Five 
species in four genera investigated; all have S-type 
plastids. With diameters of about 1.2 um and some 
ten globular starch grains, the sieve-element plas- 
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FIGURE 1. S-type sieve-element plastids of Nitraria retusa, Balanites aegyptiaca, Guaiacum coulteri, Peganum 
harmala, Caesarea albiflora, Pelargonium tetragonum, and Wendtia gracilis; and P-type plastids of Larrea divaricata. 
All x 30,000. c = protein crystals, s = starch grains. Scale bar = 1 um. 
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Lepidobojys < 





Sacoglottis sp. sErythroxylum | Ixonanthes 


FIGURE 2. Upper left: longitudinal section through sieve elements of Humiria balsamifer with compound sieve 
plate (arrows) and several P-type sieve-element plastids (p) , x 10,000. Other photographs: sieve-element plastids 
of Lepidobotrys staudtii, Linum flavum, Indorouchera griffithiana, Ixonanthes grandiflora; and P-type plastids of 
Humiria balsamifer, Endopleura sp., Sacoglottis sp., and Erythroxylum coca. All x 30,000. c = protein crystals, 
s = starch grains, M = mitochondrion. Scale bars = 1 um. 


1400 


Sarcotheca 


FIGURE 3. 
x 30,000. c = protein crystals, f = protein filaments, s 


tids of the Anisophylleaceae are rather homoge- 
neous and very distinct from those of the Rhizopho- 
raceae. The difference in the plastid types supports 
elevation of the former tribe Anisophylleeae to 


family status. (See also Behnke, 1984.) 
Malaceae (MAL; Fig. 7: Amelanchier). 


Thirteen species in 13 genera investigated; all have 
S-type plastids. The average diameter of the plas- 
tids is 1.2 um, and the average number of starch 
grains eight. These data do not differ from those 
of the S-type Rosaceae. No form-So plastids are 
found in the Malaceae. 


Amygdalaceae (AMY; Fig. 7: Prunus). Four 
species in two genera investigated, all with S-type 
plastids. The plastids in this family are smaller 
(average diameter 1.0 um) than those in ROS and 
MAL, although their starch content is similar. 


Rhabdodendraceae (RHB; Fig. 8: Rhabdoden- 
dron). The two species investigated of this mono- 
generic family contain form-Psc sieve-element 
plastids. Their single protein crystal is rectangular 
and about 0.2 um in diameter. There are about 
five irregular starch grains. The average plastid 
diameter is 1.2 um. (See also Behnke, 1976a.) 


Saxifragaceae (SAX; Fig. 7: Bergenia). Six 
species in six genera investigated, all with S-type 
plastids. The average plastid diameter is 1.3 um; 
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"Sarcotheca 


P-type sieve-element plastids of Averrhoa carambola, Sarcotheca diversifolia, and Oxalis deppei. All 


starch grains. Scale bar = 1 um. 


there are about eight irregularly shaped starch 
grains in the plastids. 


Penthoraceae (PTH; Fig. 7: Penthorum). 
Penthorum sedoides as representative of the mono- 
generic family contains S-type plastids with char- 
acters almost identical to those in SAX, i.e., with 
a diameter of 1.2 um and containing about eight 
starch grains. 


Vahliaceae (VHL; Fig. 7: Vahlia). The S-type 
plastids recorded for Vahlia capensis show the 
same pattern as found in SAX—diameter 1.2 um 
and containing about ten starch grains. 


Francoaceae (FCO; Fig. 7: Francoa). “The in- 
vestigated Francoa sonchifolia contains S-type 
plastids only slightly different from those in SAX; 
their diameter is 1.4 um; the number of starch 
grains is about three. 


Greyiaceae (GRY; Fig. 7: Greyia). Greyia 
sutherlandii contains S-type plastids with about 
five globular starch granis. The plastid diameter is 
1.2 um. 


Brexiaceae (BRX; Fig. 7: Brexia).  Brexia 
madagascariensis was shown to contain S-type 
plastids about 1.1 um in diameter with about five 
starch grains. 


Grossulariaceae (GRS; Fig. 7: Ribes). Ribes 
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bracteosum contains S-type plastids with about ten 
globular starch grains and a diameter of 1.2 um. 


Iteaceae (ITE; Fig. 7: Itea). Two species in 
the two genera investigated; both contain S-type 
plastids with about five starch grains that disinte- 
grate into tiny particles. The average plastid di- 
ameter is 1.5 um. 


Cephalotaceae (CPH; Fig. 7: Cephalotus). 
The monotypic Cephalotus follicularis contains 
S-type plastids with about five starch grains and a 
diameter of 1.1 um. The starch grains are slightly 
disc-shaped and surrounded by tiny particles. 


Crassulaceae (CRS; Fig. 7: Cotyledon). 
Three species in two genera shown to contain form- 
So sieve-element plastids. Their average diameter 
is 0.9 um. Many more species were investigated, 
but although the fixation of the material was sat- 
isfactory, repeated screening failed to detect sieve- 
element plastids. Most likely, the So-plastids easily 
break down during the differentiation of the sieve 
elements. Similar conclusions were made from stud- 
ies with Cucurbita species that also contain form- 
So plastids (Buvat, 1963; Esau & Cronshaw, 1968). 

In Crassulaceae the form-So plastids sometimes 
contain small inclusions, which rarely show a crys- 
talline composition. Since they are probably related 
to protein crystals, sieve-element plastids of CRS 


were also defined as Po/So. (See Behnke, 1981.) 


Podostemaceae (PDS; Fig. 7: Podoste- 
mum). | Podostemum ceratophyllum contains 
S-type plastids with about eight starch grains, often 
surrounded by tiny particles. The diameter of the 
plastids is 2.3 um, by far the highest found among 
the taxa studied for this report. 


DISCUSSION 


The results from investigations of the sieve-ele- 
ment plastids reported here unambiguously support 
separation of the tribe Aniosphylleeae from the 
Rhizophoraceae and its elevation to the rank of a 
family. The very distinct and remarkable form-P5c 
sieve-element plastids of Rhizophoraceae s. str.— 
without any incorporation of even traces of starch— 
has no direct relationhip to the pure S-type (lacking 
any amount of protein) as found in the Aniso- 
phylleaceae. According to a model demonstrating 
the interrelationships between the different forms 
of sieve-element plastids (proposed by Behnke, 
1988), at least two evolutionary steps would be 
necessary to change the S-type into a form-Pc 
sieve-element plastid. Without the presence of in- 
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FIGURE 4. S-type sieve-element plastids of Catha 
edulis, Pterocelastrus tricuspidatus, Aristotelia chilensis, 
and Elaeocarpus ganitrus. All x30,000. s = starch 
grains. Scale bar = 1 um. 
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FIGURE 5. P-type sieve-element plastids of the Rhizophoraceae. Upper left: longitudinal section through 
primary phloem of Rhizophora mangle showing two members of a sieve tube (SE) connected by a sieve plate 
(arrows) and containing several P-type plastids (p); * 5,000. Lower left: P-type plastids of a young sieve 
element of R. mangle. Plastid matrix filled with granular protein material (p) , not yet differentiated into crystals; 
d = dictyosomes; x 30,000. Other photographs, from top to bottom: P-type plastids of R. mangle, Sterigmapetalum 
heterodoxum, Crossostylis grandiflora, Ceriops tagal, Cassipourea killipii, and Cassipourea barteri. All x 30,000. c 
= protein crystals. Scale bar = 1 um. 
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termediates the coexistence of both types within 
one family is not very likely. 

While sieve-element plastids help discriminate 
between Rhizophoraceae and Anisophylleaceae, 
determination of their affiliations to other taxa is 
possible only to a limited extent. Therefore, the 
position of the two families relative to the taxa 
proposed by Dahlgren (this volume) to constitute 
the ordinal periphery will now be discussed. 


GERANIALES SENSU LATO 


In his last version of the system of classification 
of dicotyledons, Dahlgren (in press) divided the 
Geraniales s.l. into two orders, the Geraniales s. 
str. and the Linales. The following discussion makes 
use of this separation. 


1. (= Geranialess.str.). Dahlgren (in press) 
listed Zygophyllaceae, Peganaceae, Nitrariaceae, 
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S-type sieve-element plastids of Cunonia capensis, Weinmannia trichosperma, Brunellia sp., 
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rubioides, Davidsonia pruriens, and form-Pc sieve-element plastids of Eucryphia billardieri. All x 30,000. c = protein 
crystals, s = starch grains. Scale bar = 1 um. 


Geraniaceae, Vivianiaceae, Ledocarpaceae, Bie- 
bersteiniaceae, Dirachmaceae, and Balanitaceae in 
this alliance. Among the families available for our 
studies (see Table 2) S-type sieve-element plastids 
are most common and P-type plastids are found 
only in Larrea (Zygophyllaceae). The diameter of 
the plastids is rather uniform, varying around 1.1 
um. Some families contain disc-shaped starch grains 
as a specific marker: Geraniaceae, Vivianiaceae, 
and Zygophyllaceae (in part). 

The S-type plastids of Balanitaceae diverge more 
from the above pattern (see also Fig. 1). Both 
Cronquist (1981) and Thorne (1983) placed Bal- 
anites within Zygophyllaceae; Takhtajan (1987) 
transferred to Rutales the Zygophyllaceae and those 
families that, like Balanitaceae, Nitrariaceae, and 
Peganaceae, were split off earlier. Neither of these 
assignments is strongly supported by the plastid 
data. 
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2. (= Linales). Dahlgren (in press), includ- 
ed Linaceae, Hugoniaceae, Humiriaceae, Cteno- 
lophonaceae, Ixonanthaceae, Erythroxylaceae, 
Lepidobotryaceae, and Oxalidaceae in the Lin- 
ales. With four S-type families, two P-type fam- 
ilies, and one family containing both S-type and 
two different forms of P-type sieve-element plas- 
tids, this suborder is very heterogeneous (fresh 
material from Ctenolophon was not available). 

The S-type plastids (in Linaceae, Hugoniaceae, 
Ixonanthaceae, Lepidobotryaceae, Biebersteini- 
aceae, and Oxalidaceae) are rather small: their 
average diameter is about 1.1 um. From five to 
ten starch grains, often disintegrating into small 
particles and sometimes including a very large one, 
are found within these plastids (see Figs. 2, 3; 
Behnke, 1982c); a few species differ slightly from 
this pattern, e.g., in Reinwardtia (Linaceae) (Table 
1). 

The two different forms of P-type plastids re- 
corded within the Oxalidaceae are restricted to 
different genera: Averrhoa and Sarcotheca contain 
form-Pcfs, while Oxalis has highly specialized and 
very small form-Pc sieve-element plastids. Diam- 
eters and compositions of these two forms are so 
different (see Table 1) that it seems justified from 
the plastid data to support the separation of the 
families Averrhoaceae (see Hutchinson, 1959) and 
Hypseocharitaceae (see Takhtajan, 1987). 

The two remaining P-type families, Humiriaceae 
and Erythroxylaceae, contain P-forms not directly 
related to those of the Oxalidaceae. The form-P5cs 
plastids found in Humiriaceae are similar to the 
P4cs plastids of Fabales (cf. Fig. 2 with Behnke 
& Pop, 1981, figs. 5-15) and can be regarded as 
transitional between S-type and form-P5c plastids 
of the Erythroxylaceae. The latter are extraordi- 
narily distinct from all other sieve-element plastids, 
and the only other family reported to contain this 
form is the Rhizophoraceae. 

Cronquist (1981), Thorne (1983), and Takh- 
tajan (1987) incorporated the Oxalidaceae and 
Lepidobotryaceae in the Geraniales s. str. Their 
Geraniales (Geraniineae of Thorne, 1983) differ 
from each other only slightly. The patterns of the 
S-type plastids in the Linales and Geraniales are 
not sufficiently different to favor one or other treat- 
ment—and the plastids of Lepidobotrys, Bio- 
phytum, and Hypseocharis are intermediate. 

Therefore, in the familial sequence given in Ta- 


— 
FIGURE 7. 


ble 2, which is arranged according to the data 
obtained with the sieve-element plastids, the order 
Geraniales s.l. is maintained. 


CELASTRALES 


Celastraceae and Elaeocarpaceae contain S-type 
sieve-element plastids to some extent alike in pat- 
tern but not very specialized. The families are not 
very uniform in their sieve-element plastids (e.g., 
see Fig. 4: Aristotelia and Elaeocarpus). 

Rhizophoraceae contain form-P5c plastids, a 
highly specialized pattern that is found throughout 
all genera investigated. In addition, variation in the 
diameter of the plastids is very small. There seem 
to be no common sieve-element plastid characters 
between the Rhizophoraceae and the other two 
families of this order; the closest similarities are 
with plastids of Erythroxylaceae. 

Thorne (1983) placed Rhizophoraceae in his 
Cornales; Cronquist (1981) and Takhtajan (1987) 
regarded their order Rhizophorales as a close ally 
of the Myrtales. Dahlgren in his last version (in 
press) put Rhizophoraceae together with Elaeocar- 
paceae into his order Rhizophorales and gave it a 
position after Geraniales / Linales and his newly de- 
fined Celastrales (including S-type families only). 

Sieve-element plastid data suggest a close as- 
sociation of Rhizophoraceae with Humiriaceae and 


Erythroxylaceae (see Table 2). 


CUNONIALES 


The S-type sieve-element plastids present in four 
of the five families of this order are heterogeneous. 
Plastid diameter and starch content range from 
large with ten grains to very small with little starch 
(see Table 1). The sequence given in Table 2 sug- 
gests an evolution from the large unspecialized to 
the small specialized plastid and enables a connec- 
tion to the only P-type family (Eucryphiaceae). 

Exactly the same five families constitute Takh- 
tajan's (1987) Cunoniales. Thorne (1983) added 
Staphyleaceae and Corynocarpaceae to his sub- 
order Cunoniinae, while Cronquist distributed them 
among his Rosales. 


SAXIFRAGALES 


All families within this order contain S-type sieve- 
element plastids, of which Crassulaceae is special- 


S-type sieve-element plastids of Amelanchier canadensis, Prunus padus, Duchesnea indica (form- 


So), Cotyledon orbiculatum (form-So), Bergenia purpurascens, Penthorum sedoides, Vahlia capensis, Francoa 
sonchifolia, Greyia sutherlandii, Ribes bracteosum, Brexia madagascariensis, Cephalotus follicularis, Itea ilicifolia, and 
Podostemum ceratophyllum. All x 30,000. s = starch grains, o = form-So plastid. Scale bar = 1 um. 
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FIGURE8. Upper left: longitudinal section through sieve elements (SE) of Anisophyllea purpurascens connected 
by lateral sieve areas (arrows) and containing many S-type plastids (s); x 6,000; pp = phloem protein. Other 
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ized by form-So plastids. Sizes and starch content 
of the S-type plastids are rather homogeneous. The 
only exception is Podostemum, which has very 
large plastids (Fig. 7, Table 1) and does not fit into 
this order, nor in the entire alliance. Cronquist 
(1981) and Takhtajan (1987) separated the Podo- 
stemaceae in its own order. Thorne (1983) placed 
this family within his Saxifragineae. Until further 
evidence from other characters emerges, we prefer 
the treatment as a separate order, somewhat pe- 
ripheral to the Saxifragales/Rosales. 


ROSALES 


S-type sieve-element plastids are recorded ex- 
cept for the two families Neuradaceae and Rhab- 
dodendraceae. The pattern of the S-type plastids 
(diameter and starch content) is similar to that of 
the Saxifragales. One family includes form-So plas- 
tids: the Rosaceae. The presence of these So plas- 
tids in at least some genera (see Table 1 for details, 
e.g., smaller diameter) makes the Rosaceae s. str. 
distinct from the Malaceae and Amygdalaceae. The 
plastid pattern of the latter family is not different 
from that of the S-type genera in the Rosaceae. 

Sieve-element plastids of the four genera tested 
from the Anisophylleaceae display a rather uniform 
pattern: while their sizes conform with that of both 
Saxifragales and Rosales, the amount of starch 
within a plastid is much higher than in the other 
taxa (cf. Figs. 7, 8). Therefore, on account of the 
plastid data, an association of Anisophylleaceae 
with either Saxifragales or Rosales is not excluded, 
but a positive decision cannot be made. 

The remaining two P-type families of Rosales 
both contain Psc sieve-element plastids, but of dif- 
ferent pattern. 

Rhabdodendraceae contain in their sieve-ele- 
ment plastids a tiny rectangular protein crystal and 
up to five irregular starch grains, a pattern re- 
peatedly found within the Magnoliiflorae (see 
Behnke, 1988). 

Neurada is more distinct because of its larger 
crystal (diameter 0.4 um) and higher starch con- 
tent. Its sieve-element plastids come very close to 
those of the Gunneraceae (see Behnke, 1986b). 


= 


CONCLUSIONS DRAWN FROM 
THE PLASTID DATA 


Given the periphery of families and orders around 
the Rhizophoraceae—including a few additional 
ones discussed during the preparation of this Rhi- 
zophoraceae symposium—and the distribution of 
types and forms of sieve-element plastids, the fol- 
lowing annotations to the relationships between the 
different taxa can be made. 


The ordinal placement of the Aniosphylle- 
aceae. This is still uncertain as far as sieve-element 
plastids are concerned. Pattern similarities exist to 
S-type plastids in the Saxifragales—Rosales groups 
(not to the Cunoniales), but affinities to other taxa 
are not ruled out. 

If a closer relation to the Rhizophoraceae is still 
considered, the diameter of the plastids (average 
of 1.3 um in both families) would be the only 
supporting plastid data; otherwise their contents, 
as discussed, differ by at least two evolutionary 
steps. 


The ordinal placement of the Rhizophora- 
ceae. The identical sieve-element plastids in Rhi- 
zophoraceae and Erythroxylaceae, together with 
the fact that within the dicotyledons the form-P5c 
is exclusive to these two families, strongly favors 
their close alliance (see also the ordinal restriction 
of the subtype-P3 sieve-element plastids, Behnke, 
1976b). Related plastid forms are found in the 
Cyrillaceae (P5cf) and the Humiriaceae (P5cs). 

Sieve-element plastids of the Cyrillaceae are dis- 
tinguished from those of the Rhizophoraceae by 
the presence of protein filaments in addition to 
protein crystals (Behnke, 1982a) and a larger di- 
ameter (average of 1.6 um). Nevertheless, their 
similarity is reason enough to propose at least dis- 
tant relationships. Traditionally, Cyrillaceae have 
been placed into Celastrales, Theales, and (recently 
more often) Ericales (cf. Behnke, 1982a). In view 
of Dahlgren's (this volume) proposal to associate 
closely the Rhizophoraceae with the Celastraceae, 
the inclusion of the Cyrillaceae within the Celas- 
trales (see e.g., Melchior, 1964) may be worth 
reconsidering. 


photographs show S-type sieve-element plastids in the five investigated species of Anisophylleaceae (A. trape- 
zoidales, A. purpurascens, Combretocarpus motleyi, Polygonanthus amazonicus, Poga oleosa) and of Crossosoma 
bigelovii, as well as form-Pc plastids of Neurada procumbens and Rhabdodendron macrophyllum. All x 30,000. c 


— protein crystals, s — starch grains. Scale bar — 1 um. 
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FicurE 9. S-type sieve-element plastid of Bieber- 
steinia multifida. x 30,000. s = starch grain. Scale bar 
= ] um. 


The first and only record for form-P5cs plastids 
in the Humiriaceae links the form-P5c plastids of 
the Rhizophoraceae and Erythroxylaceae to the 
S-type families in the Geraniales s.l. It has further 
potential in bridging the entire subtype-P5 to the 
subtype-P4 of the Fabales, thus making the sub- 
type-P4/P5 a characteristic pattern of sieve-ele- 
ment plastids restricted to the Rutinae (sensu Dahl- 
gren, this volume). 

The form-P5cs plastids found in the Humiri- 
aceae connect the form-P5c to the S-type plastids 
in the Geraniales: their number of protein crystals 
(more than ten on average) is the second highest 
recorded in the dicotyledons (after those in RHZ 
and ERY), their number of starch grains and av- 
erage plastid diameter are compatible with the 
S-type plastids in the Geraniales. The shape of the 
protein crystals is not as distinctly rectangular as 
in the form-P5c plastids (cf. Figs. 2, 5), but even 
within Rhizophora the crystals have no sharp edges 
(Fig. 5). 

The P5cs pattern is very close to that of the 
form-P4cs plastids present in the Fabales: both 
contain five or more irregular protein crystals in 
addition to a variable number of starch grains. It 
is suggested that from a common ancestor with the 
plastid inheritance several parallel lines lead to 
Fabales, Geraniales, Rhizophorales, and probably 
Celastrales. 

However, data from sieve-element plastids do 
not contribute to the placement of Celastrales un- 
less the inclusion of the Cyrillaceae (cf. Hutchinson, 
1959; Melchior, 1964) is followed. 

Dahlgren transferred Elaeocarpaceae from Mal- 
vales to either the newly defined Celastrales (Dahl- 
gren, this volume: together with RHZ and CEL) 
or to his Rhizophorales (Dahlgren, in press: as 


the only other family of this order in addition to 
the RHZ). The data from sieve-element plastids 
support neither of the two arrangements. However, 
another phloem character corroborates the exclu- 
sion of Elaeocarpaceae from the Malvales: Bom- 
bacaceae, Malvaceae, Sterculiaceae, and Tiliaceae 
have within their sieve elements so-called persis- 
tent, crystalline p-protein bodies, which are absent 
from the Elaeocarpaceae. The persistent p-protein 
bodies are a typical character of the Malvanae/ 
Violanae and a few other taxa (see Behnke, 1981). 

In summary, data from sieve-element plastids 
suggest the following parallel sequences of families 
(those not yet investigated are in parentheses; cf. 
Table 2): 


l. Balanitaceae, Zygophyllaceae, Nitrariaceae, 
Peganaceae, Geraniaceae, Vivianiaceae, Le- 
docarpaceae, (Biebersteiniaceae), (Dirach- 
maceae) 

2. Linaceae, Hugoniaceae, (Ctenolophona- 
ceae), Ixonanthaceae 
2.1 Lepidobotryaceae, Hypseocharitaceae, 

Oxalidaceae, Averrhoaceae 
2.2 Humiriaceae, Erythroxylaceae 
2.2.1 Rhizophoraceae 
3. Celastraceae, Elaeocarpaceae 
4. Cyrillaceae 


Families excluded. On the basis of the sieve- 
element characters two families discussed during 
the preparation for this symposium as putative 
allies are to be definitely excluded: the Flacourti- 
aceae and Podostemaceae. 

The Flacourtiaceae contain S-type sieve-ele- 
ment plastids, but their persistent p-protein bodies 
(cf. Behnke, 1981) place them in the Violales. 

Podostemaceae differ from the discussed orders 
by their large S-type plastids and the pattern of 
starch grains. 


NOTE ADDED IN PROOF 


Fresh rhizomes of Biebersteinia multifida DC. 
kindly have been made available by E. Gabrielian 
(Erevan, USSR). The following paragraph should 
be read after Ledocarpaceae (on page 1389): 

Biebersteiniaceae (BBS; Fig. 9) Biebersteinia 
multifida contains S-type plastids with one or few 
globular starch grains, often disintegrated into tiny 
particles. The plastid diameter is 1.2 um. 
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